The flow and the scour around a coastal structure due to tsunami flows are simulated by combination of the Large Eddy Simulation method of calculating turbulent free-surface flows and the bed-load sediment transport calculation method. The tsunami wave impinging on a structure is the case for which experimental data are available and the simulation results are compared with. Then the tsunami overtopping a seawall and the scour of its foundation, as seen at several sites during the East Japan Earthquake of 2011 is simulated. The wave impingement calculation is reproduced well and the scour simulation is reasonable compared with exsisting estimates. For more realistic simulation of long-period or equilibrium scour hole estimation, transport of the suspended sediment will be needed.
INTRODUCTION
The East Japan Earthquake of 2011 has brought about numerous damages to coastal structures that are caused by scouring of the ground around foundations of the structures 1) . Preventing scour of foundation, therefore, is very important to prevent or reduce failures of these structures. Approximate estimates of scour depth and size around structures may be made by existing methods 2)-6) but the characteristics and the size of scour depend on the details of the individual structure. Application of these methods to some sites of the damage by the East Japan earthquake including the site shown in Fig.1 , indicated that the estimates vary significantly depending on the site 7) . Numerical simulation of flow and scour specialized to individual locations will be desirable but the flow causing the scour is very complex and accurate simulation is not easy.
Existing practical methods of estimating scour depths are based on basic simplifiled flow analysis combined with experimental correlation. Reynolds-Averaged Navier Stokes method has been most common but the applicability of the turbulence model is limited and the acuracies of the calculated results are not known. Large Eddy Simulation (LES) method can be more generally applicable but the computational load is very large and has not been used in practical engineering problems. Recently some attemps are made to apply LES methods to scour problems but in very simple configurations 8) 0.3 m -0.5 m In the present work, we develop a numerical simulation method combining LES method of calculating turbulent free-surface flow and the calculation of the movement of the ground material to estimate the details of the scour mechanism.
The method is first applied to a case of experiments of tsunami waves overtopping revetments conducted by Noguchi et al. 3) . This is a case of 'bore attack and spout up' in which the wave impinges on the revetment splashing up and a part of the flow runs up the ground. The calaculation of the motion of the sediment is not included. Then the method is applied to the case of tsunami flow overtopping a seawall and the ground behind the seawall is scoured. This is the case representing the scour damage by the 2011 East Japan Earthquake (Fig.1 ).
CALCULATION METHOD
We use a large eddy simulation method (KULES 9) ) that have been developed for various fixed-bed channel flows. It is a fully three dimensional non-hydrostatic method applicable to flows with large motion of the free surface. It models the ground shear stress using the wall similarity law and the boundary friction is accurately estimated, which is important in the calculation of the sediment motion. This method keeps track of the vertical position of the free surface as a single-valued function of the horizontal coordinates, so we treat the case when there is no free-surface nappe that may be formed in overtopping flows or no wave breaking when the free surface slope become very steep.
For the motion of ground material, we simulate the bed-load sediment transport at the same time as the flow is computed. The changes of the ground bathymetry due to the bed-load transport are reflected at several time steps of the flow calculation since the time scale of the bed-form changes is larger than the turbulence time scale.
(1) Flow calculation method
The flow is calculated by the finite difference based LES method formulated on a rectangular mesh covering the flow region as shown in Fig.2 . The flow calculated method has been described prieviously 9), 10) and only important aspects related to the treatment of the free surface and the solid boundary are described here.
The free surface height h(x,y) is calculated by solving the filtered equation of the kinematic boundary condition for the free surface . We use the following gradient model 
where  sgs is the subgrid eddy viscosity coefficient, which we calculate using the Smagorinsky model (Yokojima & Nakayama 12) ). At the calculation point closest to the bed and the structure walls, instead of using the sub-grid turbulence model, the wall-law is applied to obtain the surface shear stress. It is used as the stress boundary condition and hence the wall layer does not have to be fully resolved. The shear stress component  zx , for example, in the x direction acting on the surface perpendicular to z direction is calculated from
where u 1 is the x-direction component of the total velocity V 1 at the closest point from solid wall to which the distance is z 1 . C d is the coefficient determined from the wall-law for the rough surface of roughness height k which will be prescribed from the bed materials.
where A(=2.5), B(=5.2), C(=8.5) are the constants in the wall law and u* is the friction velocity defined by the total wall shear stress and  is the kinematic eddy viscosity coefficient of water. This method has been verified in fully-developed channel flow. 
(2) Sediment transport calculation
If the height of the bed sediment layer from a reference elevation is z b as shown also in Fig.2 and q x and q y are the sediment transport rates in x and y directions, respectively, the equation of the mass conservation of the sediment gives 
where  wx and  wy are the x-and y-components of the total bed shear stress  w , q b is the resultant bedload sediment transport, s is the specific weight of the sediment particles, T is the nondimensional excess shear stress defined by 
where (11) and D*=Du*/ and D is the diameter of the sediment particles and u * is the friction velocity defined by the resultant bed shear stress .
CALCULATION OF TSUNAMI WAVE IMPINGING ON REVETMENT
First the calculation method of tsunami flow is verified for an experimental case of Noguchi et al. 3) We choose the case where the tsunami wave impinges on nearly vertical revetment as a bore. To be exact, it is their experimental case 8. The experimental setup and the generated incident wave are reproduced in Fig.3 . The seabed in the experiment is a movable bed but no sediment transport calculation is done.
The incident wave is generated as far away as 90m from the location of the revetment. In the calculation, the calculation region is shortened to only 5m and the flow rate at the entrance of the calculation region is adjusted so the generated wave resembles that of the experiment. The calculation region is 12m long in the direction of tsunami advancement, 2m wide in the along-shore direction and 2.5m high in the vertical direction. It is covered by the fixed rectangular mesh of 110 x 41 x 110 grids. The smallest cell size is 0.03m x 0.04m x 0.008m. No special boundary conditions on the inland side is needed except the wetting edge of the flow must be treated properly so that the pressure gradient due to the free surface slope there balances the friction force on the ground.
The calculation results are shown in Fig.4 in terms of the calculated wave profiles at several instances and the velocity and the bed shear stress distributions in color. It is seen that the way the wave impinges on the revetment and spouts up is reproduced well, although no wave breaking is reproduced since the free surface is assumed to be a continuous surface in the present calculation. However, the smooth continuous surface, which is what the large eddy simulation aimes to obtain, represents the smoothed surface of the actual broken surface. After the wave splashing, part of the flow runs up over the sloped land and the rest reflects back.
Noguchi et al. 3) analyzed the scour from the video images. They indicate that the scour was due either to the wave reflected by the front face of the revetment or by the drawdown flow and the degree of scour during the incident wave was relatively small. Fig.4 shows the magnitude and the direction of the bed shear stress in color. Blue indicates the stress in the seaward direction, red indicates the landward and the green is zero. It is seen that it is mostly green I_813 except at t=20.5s when the wave spouted up collapses on both the revetment and on the seabed about 1m from the revetment toe. The magnitudes there indicate over 0.1kN/m 2 which is sufficient to move particles of sizes several centimeters. Although no sediment transport computation is done in this case, the area and the degree of expected scour agree with Noguchi et al's observation.
The amount of water that goes over the land agrees roughly with Noguchi et al.'s measurement as well. The drawdown phase of the simulated tsunami was not computed since the nappe flow over the revetment edge cannot be computed accurately by the present method. Fig.5 shows the computed water surface elevation at two gage locations, Wave Gage 1 and Wave Gage 2 in Fig.3 , compared with the measurement. Although the calculation shows earlier wave rise than the experiment at the first gage position of 4m off-shore, the rise and the subsequent level at the location of the wave gage 2 which is 1m from the face of the revetment show good agreement.
CALCULATION OF SCOUR DUE TO TSUNAMI OVERTOPPING SEAWALL
Next we simulate the flow and the scour due to a tsunami wave overtoppong a seawall as seen at one of the sites in Tohoku Coasts. We consider a vertical seawall of height 2m placed on a flat ground filled with gravels of size 5cm as shown in Fig.6 . It is assumed that the seawall is initially just submerged under water at rest and the flow rate of 2m/s is suddenly imposed on the left boundary to simulate a tsunami flow. This resulted in a wave of height about 4m. This is somewhat fictitious but is representative of many tsunami attacks during the 2011 earthquake.
The flow calculation is similar to the previous example except the boundary condition on the right (landward) boundary is set either horizontal when the flow velocity is zero or the free-surface slope and the bottom friction balanced so that there is no flow acceleration. The ground is assumed to be covered by sufficiently deep layer of gravels of diameter 5cm. We compute the movement of these gravel particles assumed to have the specific weight of 1.6 and the porosity of 70 percent. We assume all the particles move on the bed as the bedload and do not washed away. This may not be a good approximation for a simulation of long-period movement but the initial development of scour holes may be represented by the bed load movement alone.
A fixed rectangular grid of 111 x 52 x 62 is used in this case. Other than the space above the free surface, extra grid points are provided below the bed surface, which may become the flow region when the bed sediment is moved. The smallest vertical spacing near the bed is 0.04m which is effectively the resolution for the vertical position of the flow boundary. The precise hight of the sediment layer is computed every time step but for the flow calculation the boundary condition is applied at the point closest to the actual bed elevation.
The results of calculation are shown in Fig.7 . They represent the first seven seconds of the flow in terms of the free surface motion, the velocity distribution along a vertical plane and the shear stress distribution on the bed. Most importantly, the bed elevation changes are shown.
Up to about t=6 s, there is no sediment movement. At t=6.2 s, it is seen that the flow impinging on the bed and recirculating towards the seawall creates large enough negative shear stress to initiate the scour. Then the flow just downstream of the impingement point starts a second scour hole. It is noted that the shear stress is nearly zero at the impingement point and there is no scouring of the bed material there. It indicates the double holes as opposed to commonly known single hole. Since the sediment is not transported in suspended mode, the scoured sediment is deposited closeby where the stress level is lower than the critical value. Then the flow and the bedform start to interact to create complex flow field. Our simulation without the suspended load was terminated at this point. Although this is the only initial stage of scour, the present simulation appears to represent the process reasonably well. For reference, Rajaratnam 4) 's estimate for the scour depth in similar case is 0.8m and that of Noguchi 3) 's is 0.25m.
DISCUSSION
The present LES calculation method has been tested in various fows where the large free surface movement is involved including the advancing wetting front. The question here is whether the breaking waves can appropriately be represented by the LES concept of smoothed surface. In this sense the spout up wave calculation proves that it can represent small scale discontinuities of the wave breakage. A large-scale wave roll-up, however, will not able to be represented by the present method. Also a nappe flow which can be important in drawdown phase cannot be represented properly either. Other than these cases, the flow and the sediment motion can conveniently be simulated by the method based on the fixed rectangular mesh. If improvement is needed, methods like Immersed Boundary Method 14) may be used. The proper use of the wall model is crucial to obtain correct bed shear stress which is very important in the sediment transport calculation. In this sense, non-slip or slip conditions that do not obtain the correct wall shear stress is not suited for this type of simulation.
As to the details of the sediment and the bed morphology, the sediment transport models that have been developed to analyze flows in rivers and channels may not be quite applicable to the case of scour by impinging or falling jets. The jet in the present calculation is fully submerged within the overall flow, but flows overtopping high seawalls are almost free fall forming nappe flows and the sediment will be moved by the impact force.
The present calculation result is not the final equilibrium state but shows how the scour hole develops. The magnitude of the final scour depth will have to be determined by computing for much longer duration including transports in suspended form.
CONCLUSION
A bed-load sediment transport calculation method has been incorporated successfully in a LES method for simulating scour phenomena due to tsunami waves past coastal structures.
In the case of wave impinging on the nearly vertical revetment wall, water splashing up and the portion of water running up the ground have been seen to be similar to the experimental results. The ground shear stress is also predicted well which can be used to estimate possible scour at the toe and on the ground side of the revetment.
The flow overtopping a seawall has been simulated well with features of accelerating and separating flow over the sharp edge of the seawall. The initial phase of scour due to the falling water on the landward side of the seawall is reasonably reproduced. The calculation result is not the final equilibrium state. The magnitude of the final scour similar to the sites observed along Tohoku Coasts after the Great East Japan Earthquake would require simulation of much longer time duration and consideration of the transport of the suspended sediment.
